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I. INTRODUCTION

Unusual gun wear patterns developed during product improvement tests of the US
Army's first stick propellant artillery charge, the M203A1.I The 155-mm. M199 gun tube
showed very little wear except at the top of the gun tube (10 to 2 o'clock) aojacent to the
origin of rifling. This wear pattern differs considerably from wear patterns historically
produced by ballistically comparable granular charges which, while more erosive, general-
ly produce circumferentially uniform wear patterns.

Although the M203A1 charge was shown in this and later tests to extend useful tube
life by better than a factor of two. as compared with comparable granular charges, two
serious questions remained:

" Had the use of a simulator projectile, the PXR6325, in lieu of the fielded
M549A 1 projectile. urnduly influenced the results?

" If the PXR6325 did not affect the wear results, what did account for the
unusual wear pattern and why had the gun tube's useful life exceeded the
most optimistic expectations?

A. Background

The M203A1 is the lead charge in US developmental efforts to replace granular
propellants with stick propellants in howitzer applications. Figures 1 and 2 compare the
M203 granular charge with its replacement, the M203A1. Note that while the charges are
ballistically equivalent (i.e.. produce same projectile muzzle velocities), the new M203A1
charge differs in virtually every other way, including propellant formulation, configuration.
ign:tion system, and type of propellant encasement.

One major improvement promised by the M203A1 was reduced gun tube wear due
to its lower flame temperature propellant formulation (400 degrees K lower as compared
to the M203 granular charge). An extensive wear test of 2902 rounds was fired to
demonstrate the wear rate. Since the M203 series charge is the Army's current maximum
range charge. it would be fired principally with the current maximum range projectile, the
M549A1. However. in an effort to save costs and due to the unavailability of large quantities
of inert M549A1 projectiles, a substitute or simulator projectile, the PXR6325, was used.

The PXR6325 projectile is an M107 projectile banded with a M549A1 rotating band
and obturator. The simulator projectile is then inert-filled to the average weight of an
M549A1. Differences in projectiles include wheelbase and total length, projectile wall
thickness, and boattail design. A comparison photograph of the two projectiles appears
in Figure 3.

Virtually all large howitzer wear tests follow a scenario of firing several hundred
expenditure rounds with the primary charge under study and a primary projectile often

9
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cl-c.en for economic or convenience
reasons. The gun tube is then inspected
anc. a smaller group of mixed
chargo./projectile combinations is fired to
ch,,ck accuracy, fuze function, velocity.
and iccuracy. This procedure is
rept f.ted until loss of accuracy. fuze Mal-
functions, band stripping, or other abnor-
malit es suggest end of useful tObe life.

In the remainder of this paper.
references to a primary charge or projec-
tile will refer to the charges and projec-
tiles fired as expenditure or *wear"
rounds. This combination makes up the
large majority of the gun tube's total
round count at end of tube life or Cess -
tion of testing. For the gun tube of interest
in this paper, the M203A1 and the
PXR6325 were the primary charge and
projectile respectively.

The M203A1 worn gun tube
(serial # 30093) began to show
measurable asymmetrc wear as early as
200 rounds. This asymmerrtric Wear be-
came visually apparent at 800 rounds
and continued to increase as testing
progressed. Although the gun tube stil
delivered projectiles accurately and safe-
ly at the cessation of testing (2902
rounds), asymmetric wear was quite
severe at the origin of rifling. Figure 4
ii!ustrates this wear and its progressive
nature.

B. Theories and Approach

Causes for gun tube wear in
general can be broken down into three
primary classes; heat , friction, and
chemical reactions. Figure 5 displays
how these parameters could be involved
in the production of asymmetric wear .
previously described. Note also the
potential interplay of the projectile. Figure 3. M549 and PXR6325 Projectiles

11
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In addrbon to these gereral wear mecharisms, it was teorized that the basic design of
the M203A1 charge c.utd be xrlnbutng to the a.-yrmetric wear phenomenon. The M203A1's
use of stick propellant al'o,,r f-cr rapid and uninpeded flow of combustion gases through the
length of the cmarge, resling in rapid pressurization within the gas ipermeable combustible
case The combustbble case may then burst at the top where suffcient ulage exists for the case
to move radiaity outwards The Ti02 wear li.er, which is wrapped around the propellant, would
also be forced apart and a may from the top of the tube in a similar fashion. The fast moving, hot
propu:srve gases woula then have direct access to the top of the gun tube now virtually
unprotected by wea, reduc-Yg aciddtrves. This hypothesis is shown schematically in Figure 6.
Note that gra-iular charges p-er'usty used in US wear studies have neither the accommodating
gas flow .'hannels of stick cha-ges nor the impermeable combustible case to deal with.

This invest g a, , - ,is designed to look at two of the general wear contributors,
heat and friction whiie key. g c n the theory involving charge composition and positioning.

12
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Chemical reactions provoking gun tube wear were not considered primary causes in
producing asymmetric wear and are not further addressed. In addition historical gun wear
patterns of both US and foreign gun tubes were examined.

II. LABORATORY RESEARCH

For clarity, the varku irvestigative procedures. itstittI techniques, and
subsequent results are presented separately where appropriate. Comprehensive obser-
vations and conclusions are then drawn.

A. Historical Gun Wear Analysis

Stick propellants are new to US artillery charge inventories. Therefore, there are no
US tut3s previously worn with stick charges for comparison with those worn with granular
charges. As noted, previous granular versions of the M203A1 charge had displayed
uniform circumferential wear patterns. The granular charge was also shown to be more
erosive to the origin of rifling than the stick charge.

Additionally, granular charge worn tubes generally display a second worn area
located roughly 46 cm (18 inches) forward of the primary wear area at the origin of rifling.
This secondary wear, which contributes to fuze and rotating band failures, did not occur
in the tube worn with stick propellants.

Figure 7 displays the origin of rifling for three typical 155-mm gun tubes fired to end
of life with granular propellants. Note that in contrast to the tube worn with stick charges
displayed in Figure 4, the wear pattern is circumferentially uniform. Figure 8 graphs the
total vertical versus horizontal wear for the three tubes worn with granular charges of Figure
7 and the tube worn with stick charges (#30093). Note again that while the total wear in
the vertical plane is roughly the same for all the tubes, it is concentrated at the top of the
tube only for the stick charge worn tube. Also notable is the relative lack of horizontal wear
in this tube.

Cases of asymmetric wear in NATO 155-mm gun tubes firing stick charges have
been documented. Reference 2 contains a set of stargage records from gun tube PT 09
from which 2096 of the 3047 rounds fired were Cartridge III stick charges, which are the
ballistic equivalent of the M203A1. Figure 9 compaies the first inch of rifling wear in the
horizontal and vertical planes to similar data for the tube worn with US stick charges. Ncte
that while the absolute magnitudes of the wear patterns differ, both tubes show similar
differences in vertical versus horizontal wear profiles.

These data alone do not verity that the NATO tube was excessively worn at the top.
since it could be worn at the top and bottom of the tube and show a similar profile. The
confirmation of concentration of wear at the top of the tube follows from a translation of
tho comments portion of the German stargage records for gun tube PT 09 which appears
in Reference 2. A rough translation follows;

14
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Primary proi-tle-iM48 tube #17687 Oq 2054 Proi undiWM83; tube #03 @ 1981
rounds rounds

Primary projectile-W.49: tube #77 @ 2000 rounds

Figure 7. Gun Tubes Worn Wth M203 Granular Chrges

'Beginning at 650 mm from rear face of tube (RFT) in the chamber area at
12 o'clock the diameter is increased as compared to before. From the beginning
of rifling and up to 100 mm between 10 & 12 o'clock the lands are obviously smooth.
Up to 1500 mm from RF1 the lands are eroded, between 10 & 12 o'clock. The inside
radius of the groves at 10 to 12 o'clock are rounded to 2500 mm from RFT."

Besides these data, conversations with a representative from the UK reveal that
they have more recently experienced asymmetric wear when firing their howitzer's top
zone stick charge.3 This asymmetric wear is apparently more severe than that incurred in
M203A1 testing. The increased severity may be caused by the lack of both an obturator
on the projectile and a titanium dioxide (TI02) wear liner in the charge.

15
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defection in the rotating band area for the M549A1 projectile 0.33mm (0.013 in.). almost
twice that of the PXR6325 0.18mm (0.007 in).

This difference of 0.152 mm (0.006 inches) is. however, relatively small compared
with the deformations of the rotating band and obturator during engraving. Additional
details regarding the projectile modelint study are available in Reference 4.

11. TEST FIRINGS

To evaluate the relative differences in heat input, gun tube strain, and rotating
band/obturator performance of the various projectile-charge combinations a matrix of
firings was conducted in a heavily instrumented M199 155-mm gun tube. A schematic
view of the instrumentation employed appears in Figure 12. The matrix of firings conducted
is shown in Table 1. For clarity, the results of the firings are presented seperately for the
individual instrumentation techniques.

A. High Speed Closeup. Downbore Photography

It was suspected that localized rotating/obturator band failure with resultant gas
leakage (blow-by) could have produced asymmetric wear patterns. Currently available
technology existed only for obtaining overview photography of the projectile exiting tie
muzzle.

17
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These techniques,.1 .Mo fFndeveloped as multipurpose ob- Tbe1 mice iig
turator/sabot discard/yaw in--
dicators, were of insufficient AM

resolution for detailed inbore lA.

studies. In addition, since the %ft" twoft&&
camera and mirror were mounted &WV)

some distance in front of and
on the same plane as the weapon, '~ %"

they were only useful if theS
weapon remained within a few . -

mills of zero elevation. to Nt *TV 6

To ovrcom thee liha- Thm charges were irtertlondi~y held Lqyards
To oercme teselimia i Ihe gun chamber to reduce the Wage at the

tions, a device was developed I too at the chamber.I
which allows extremely closeup.
downbore photography at any gun elevation and with little danger to the cara itself. The
system consists of a pair of brackets welded to the bottom sides of the muzzle brake.
From these brackets, two arms can be bolted at various heights below and extending
forward of the muzzle brake. A mirror platform which can pivot 360 degrees normal to the
line of fire is mounted to these arms roughly one meter (3.28 ft) from the end of the muzzle
brake. This platform is held in a horizontal position before firing by wooden dowel rods
which extend through the mounting arms and into the mirror platform. A vice with
adjustable clamps holding a mirror is the bolted to the mirror platform.

A high speed camiera equipped with a telephoto lens is mrixxed behind and above the
weapon, whiuch with proper mirror ausrmert can look" diretl downbore. The camra
records any luminous actMy inbore urti the proctle eits. When the pve** nears the mirror
the shock wave preceecing the propedie is sullierit lo shear the raeonin dowel rods, allowing
the mirror p1*1cmi d vice to rotate cleardfthe prooedile. Any adiinlblst energyis dissipated
by the appsatus in harmrless rotaion The dowel rods and mirror are df course saaW~i ;
however~ Wte additional danrage a iriecd on the device. Figure 13 displays this desvice.

- * 06- View

- Miror

Agww 13. Noh Speac Cloesp Phogrqf Drce
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Sufficient photographic results were obtained to determine that there were no
obturator failures resulting in luminous blow-by with either projectile It should be noted
that the tcst gun tube was new and would be expected to produce ob:ura - n s. - ecr to
that of a worn tube. However. the original asymmetrically worn gun te shJwLd jefinite
signs of uneven wear as early as 300 rounds, suggesting
that this uneven wear production is triggered very early
in the gun tube's life.

Figure 14 shows a series of frames from a high
speed camera, running at 5000 frames per second, of a
M549 projectile fired with a M203A1 stick charge exiting
the gun tube. It is noted that no illumination is seen in or
around the gun tube until the projectile is starting to exit
the muzzle. This was typical of the photographic results
onta:ned.

B Pressure and Strain Gae Data

Four surface mounted 350-ohm strain gages were
mounted on the outside surface of the gun tube. They
were located 90 degrees apart just forward of the origin
of rifling. From the breech of the weapon using clock
coordinates to denote circumferential position, strain
gages were located at 12, 3, 6, and 9 o'clock. The striin
on the exterior of the gun tube at these positions was
then recorded as a function of time during the ballistic
cycle

Figure 14. M549 Projectile Exiting
Muzzle

20
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Several observations L
can be made from the data in
Table 2:

" The PXR6325 projectile tends to induce slightly larger tube strains for both
stick and granular charges, indicative of its stiffer sidewalls.

" The higher average strains recorded for the stick charge firings result from
its typically higher chamber pressure. 27.6 MPa (4 kpsi).

" The vertical delta (top minus bottom gage) values are lower for the stick
charge firings than for the granular charge firings. This would tend to
indicate that there is nnt a frictional or mechanical contributor to the produc-
tion of asymmetric wear with the M203A 1 stick charge firings.

Table 2 presents only the peak strain obtained at each position during firings. In
each of these records, the peak was taken from strain versus time plots very similar in
appearance to a pressure versus time curve.

Figures 15 and 16 contain typical unfiltered plots of tube strain versus time for st!ck
and granular charges, respectively. The strain rise produced with the stick charge is
uniform and smooth. The strain rise produced with the granular charge, however, includes
a stepped portion located nearly two thirds of the way up the curve. The step occurred in
all granular charge firings regardless of gage position or projectile used. Conversely. this
anomaly never occurred in any firings of the stick charge. The anomaly was verified on
many occasions.

An examination of the chamber pressure versus time records in these instances
yield no discernible relationship. One explanation for such an event is that the strain gage
is detecting a relaxation of tube strain as the projectile moves away from the charge which
has been compacted against the projectile base early in the ballistic cycle. Granular

21



I I
jj * lose%%6

. KOMhr oI Ia t

Fire IS. Tube Strain Pki wih Stick Charge Figued I6 Tube Strain P t-wih GramiAar Charge

charges have been shorwn to be accelerated during flamespreading to impact the projectile

base. 5 The effects, if any, of this event on gun tube wear and wear patterns are not known.

C. Thermocouple Data

1.59-mm (1/16 in.) diameter holes were drilled in the test gun tube in four places 90
degrees apart just forward of the origin of rifling and slightly behind the strain gages. As
with the strain gages they were located at 12. 3. 6. and 9 o'clock as viewed from the breech
of the weapon. An additional thermocouple at 12 o'clock was later installed 152.4 cm (60
in.) from the rear face of the gun tube or 46.4 cm (18.3 in.) from the origin of rifling. This
location is often termed the secondary wear point as granular charges have historically
produced aggravated wear in this area.

The thermocouple holes were drilled as follows. First, pilot holes were drilled
through the tube wall near each desired thermocouple location. The thickness of the gun
tube wall was then precisely measured before drilling the actual thermocouple hole to 1.5
mm (0.060 in.) from the surface of the rifling grooves. These very small pilot holes were
then plugged before firing.

Insulated constantan wires were welded to the bottom of each hole to form gun
tube steel-constantan thermocouple junctions. To insure the accuracy of the machining
operation and to further calibrate the thermocouples, the gun was inverted 180 degrees
from its normal position for some of the firings. The thermocouples at 12 and 6 o'clock
were then analyzed for relative performance under the same firing conditions but at
differing vertical locations. Small normalizing corrections could then be applied. Figure 17
depicts a typical unfiltered thermocouple record for a stick charge firing. Note the readily
discernible thermocouple junction failure at the 9 o'clock gage position, as indicated by
failure of the curve to decay after reaching peak temperature.

22
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A summary of the thermocouple data for the various conditions tested appears in
Table 3. Note that the vertical temperature difference (12 minus 6 o'clock) is considered
a primary indication of the abiity to produce asymmetric wear. This asymmetric wear effect
is highlighted in Figure 18.

Table 3. Thwmocouple Data

TEMPERATURE CH ANGE (DE(;REF:S C)
BY SENSOR POSITION ((LOC K C)RD.)

PROJ. 12 3 6 9 DB AVG, VERTICAL
DELTA .,

S4201 (;KAN 1.AR rPRO1r-3t.1 ' *° -^ 1- (0 W.I"d AT .1 O ! f
A Ul .I K . All,) AT ( ,4 '%

M549 113 95 110 94: 68 104 3 J',,,

PxFPS32 126 108 125' LOS11 75 120 1 xx-,r.,

°°° M O3A! 'II('K PROPI']I.A%'I oo'IR!LF A [P t%011<tt.

M549 112 84 97 90 6, . 99 15 (,ALAKPXM AVI, A . 't'1.%j ttl i(DO I fX 3 - t(Il[ I ix'k X-<R t A

'1PXSM32, 116 92 108 931 71 106 8
'- 203A -  .KPROPFI.A? no.CIARGI il1) 1'?,: T

TOP OF L1ANIBFR
1M549I03; 89 102 87169 95 1
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The following observations on the data in Table 3 and Figure 18 are noteworthy:

" The difference in temperatures between top and bottom thermocouples
confirms experimentaly that the tendency to produce vertical asymmetric
wear is a stick charge phenomenon related to uneven heat distribution.

" The difference in temperatures (top minus bottom) for the firings conducted
with the charge in its normal position compared with firings where the
charge was propped up against the top of the chamber reveals that the
presence of ullage has a dramatic effect on the distribution of heat during
firing.

* The stick charge firing data for both projectiles reveals that the M549 firing
group displays a higher difference in temperatures between the top and
bottom thermocouples. suggesting that asymmetric wear with this projectile
may be higher than with the PXR6325 projectile

V. CONCLUSIONS

Assimilating the results from historical records, projectile comparisons, and ex-
perimental firings, the following conclusions are drawn:

* Use of the PXR6325 projectile does not exacerbate asymmetric gun tube
wear when fired with the M203A 1 stick propelling charge. In fact, data show
that asymmetric wear may be higher when using the M549 projectile.
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- The propensity to produce asymmetric wear in howitzers appears to be
a stick charge phenomenon. In addition, the asymmetric heating pattern
caused by stick propelling charges is directly related to the presence of
uliage between the charge sidewall and the gun tube wall, as described
earlier.

V. EPILOGUE

Two events of considerable interest to this study have occurred since its completion.

First. the original gun tube used in the M203A1 testing has had an additional 800 +
rounds successfully fired in it. This gun tube had already surpaseo the average life of
g-ar-ular worn tubes (1700 rounds) by 1200 rounds before these firings. The addotionx
i.-crease in tube fife was obtained despite the severe asymmetric wear patten which
continued to increase in. depth and started to enlarge circumferentially. The gun tube
(#30093) is still considered operational having fired to date 3726 rounds (3526 Equivalent
Full Service Charges. EFC ).

The continued operational success of this gun tube has prompted thoughts about
the potential merits of asymmetric versus circumrferentialy uniform wear.

Granular charge worn tubes are unifom*y worn radially causing the projectile to
be subjected to a continually degraded environment for initial engraving and obturation.
As the lands wear. there is less and less initial contact between the projectiles rotating
band and the first few centimeters of rifling. The projectile wil eventually compensate
somewhat for these effects by seatirg farther downbore. but this is only partially effective.
Thus. during initial acceleration, the projectile runs sloppily down he tube before suddenly
encountering "intact lands' where it receives a rotational jolt. This effect, generally known
as torsional impulse, plays a large role in fuze failures, rotating band striping, and to some
degree. loss of accuracy. This phenomenon is of particular concern to the nuclear
projectile community.

S,*" charge worn tubes of the M203A1 configuration appear to delay the onset
of or totally circumvent this failure mechanism by concentrating their wear path in the top
quandrant of the gun tube. In essence, the loss of a localized area of lands still leaves the
bulk of the gun tube intact for initial engraving contact. It was thought that this localized
erosion path might eventually lead to intolerable losses in projectile velocity through loss
of propulsive gases. In fact. however, velocity losses for the stick propellant worn tube
at 3500 EFC are equal those incurred in granular charge worn tubes at 1800 EFC. It is
appears that the nylon obturator is capable of maintaining an adequate seal even in an
asymmetrically worn tube.

It is likely then that efforts to reduce the asymmetric wear by simply redistributing it
uniformly would be counterproductive. Efforts which decrease the severity of asymmetric
wear without increasing it elsewhere, however, will increase the probability of obtaining the
ultimate goal of a gun tube with a useful life approaching that of the weapon system.
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The second event which occurred since the completion of the studies reported in
:'.s paper was a second wear test using the M203A! charge. To date 1000 rounds have
:-een f;red in a new gun tube in this test. One major difference in this second wea, study
was the use of the M549A1 projectile in lieu of its simulator, the PXR6325, used in the
original wear test.

The advantages of using the M549 projectile in the second wear test were twofold.
First confirmation that the asymmetric wear problem was a stick charge phenomenon
zou~d be cbtained. Second. data which showed that the M549 would ixduce higher levels
of asymmetric wear could be verified.

Comparison plots of vertical and horizontal wear at similar round counts for both

r.ea" tests appear in Figure 19.

'. y apparent in Figure 19 are the obvious asymmetric wear profiles of both gun
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Fb g in.sagre reprta commen tus ofirmtha Stheuk of then war i i teo

tesAgain. stargage report comments confirm that the bulk of the wear is in the top

quadrant in the second gun tube. Note also that the asymmetric wear profile (higher
vertical wear) is more pronounced in the gun tube firing the M549A1 projectile as was
predicted. The horizontal wear profiles when normalized for equivalent round counts
would be roughly equal.

These results indicate that the usefu: life of an M199 gun tube firing M203A1 stick
charges with M59A1 projectiles will be lower than for the same tube using the M203A1
with the PXR6325 Projectile. However, due to the innocuous effects of asymmetric wear,
tube life under these conditions should still be improved as compared with wear produced
by the M203 granular propellant charge.
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